ABSTRACT: Ligand-targeted, receptor-mediated endocytosis is commonly exploited for intracellular drug delivery. However, cells-surface receptors may follow distinct endocytic fates when bound by monomeric vs multimeric ligands. Our purpose was to study this paradigm using ICAM-1, an endothelial receptor involved in inflammation, to better understand its regulation and potential for drug delivery. Our procedure involved fluorescence microscopy of human endothelial cells to determine the endocytic behavior of unbound ICAM-1 vs ICAM-1 bound by model ligands: monomeric (anti-ICAM) vs multimeric (anti-ICAM biotin− streptavidin conjugates or anti-ICAM coated onto 100 nm nanocarriers). Our findings suggest that both monomeric and multimeric ligands undergo a similar endocytic pathway sensitive to amiloride (∼50% inhibition), but not inhibitors of clathrin-pits or caveoli. After 30 min, ∼60−70% of both ligands colocalized with Rab11a-compartments. By 3−5 h, ∼65−80% of multimeric anti-ICAM colocalized with perinuclear lysosomes with ∼60−80% degradation, while 70% of monomeric anti-ICAM remained associated with Rab11a at the cell periphery and recycled to and from the cell-surface with minimal (<10%) lysosomal colocalization and minimal (≤15%) degradation. In the absence of ligands, ICAM-1 also underwent amiloride-sensitive endocytosis with peripheral distribution, suggesting that monomeric (not multimeric) anti-ICAM follows the route of this receptor. In conclusion, ICAM-1 can mediate different intracellular itineraries, revealing new insight into this biological pathway and alternative avenues for drug delivery.
■ INTRODUCTION
Endocytosis of cell surface receptors mediates a wide range of physiological functions, including cellular uptake of nutrients, signal transduction, recycling of membrane components, and clearance of foreign or pathogenic elements.
1,2 Also, from a translational perspective, receptor-mediated endocytosis is commonly exploited in order to achieve delivery of diagnostic or therapeutic agents within cells. 3 Under both scenarios, specific endocytic processes are initiated upon binding of an extracellular affinity molecule (the ligand) to its respective cell surface receptor. 2, 3 The binding event induces signaling cascades conducive to recruitment of partner proteins and/or coats, which, along with other changes, result in the engulfment of the ligand−receptor complex into vesicles that bud off into the cell. 2, 4 When exploited for intracellular drug delivery, receptormediated endocytosis is achieved using natural ligands of a designated receptor (hormones, vitamins, lectins, etc.), ligands derived from pathogens (viral binding sites, bacterial toxins, etc.), or "artificial" ligands generated for this purpose (antibodies and their fragments, synthetic peptides, aptamers, etc.). 3, 5 In all cases, the selected ligand is either coupled to a pharmaceutical agent of interest (drug conjugates) or coated on the surface of submicrometer drug delivery systems (nanocarriers; NCs), which contain said agent, such as the case of liposomes, micelles, dendrimers, polymer particles, etc. 6 Both receptor-targeting conjugates and carriers are valuable, yet it is expected that they would significantly differ in their ligand−receptor interactions and, therefore, subsequent endocytic events. 5 An important example pertains to the valency of such ligand−receptor engagement: a small drug conjugate typically involves interaction of one ligand with one receptor (or two if a divalent antibody is used), while larger drug conjugates and NCs employ multiple copies of a ligand to engage multiple copies of a cell surface receptor. 5 In nature, receptors typically bind to either monomeric or multimeric ligands, but rarely both. 2 As a consequence, drug targeting to endocytic receptors does not guarantee a similar uptake efficacy or mechanism to that of natural, unmodified ligands of said receptors, as observed in several studies. 7−10 This is also the case with regard to intracellular routing after endocytosis: some receptors may follow more than one itinerary (e.g., to lysosomes, recycling compartments, transcytosis, etc.), which further depends on whether they are bound by natural or artificial ligands, or by monomeric vs multimeric counterparts, as observed for receptors of immunoglobulins, transferrin, and folate, for instance. 7,8,11−13 Therefore, understanding the endocytic fate of ligands employed for drug delivery is important in order to determine the efficacy of these strategies and the selection of suitable therapeutic applications, while also providing insight on the biological regulation of their cell surface receptors.
Most previous studies comparing the endocytic fates of drug targeting platforms using natural ligands have examined receptors whose said natural ligands are monomeric (transferrin, folate, aminopeptidase A, etc.). 7, 8, 10 There are fewer studies available regarding receptors whose natural ligands are multimeric. Perhaps one of the examples where more mechanistic information is available is that of drug targeting to intercellular adhesion molecule-1 (ICAM-1).
14−18 ICAM-1 is a cell surface molecule involved in inflammation and preferentially expressed on vascular endothelial cells subjected to pathological factors. 19 As such, ICAM-1 is being explored as a target for intervention against inflammation, immune disorders, cardiovascular disease, genetic and metabolic syndromes, and cancers, among other conditions. 20−29 Previous studies on ICAM-1 targeting using antibodies or peptides revealed that this molecule undergoes more efficient endocytosis when bound in a multimeric manner, as opposed to a monomeric manner. 9, 14, 20 This pairs well with the fact that natural ligands of ICAM-1 bind this molecule in a multimeric fashion, including leukocytes, apoptotic bodies, plasmodium-infected erythrocytes, pathogens such as major class rhinoviruses, etc. 30−34 While endocytosis of monomeric ligands targeting ICAM-1 did not seem prominent a priori, 20 their pathway of uptake has not been examined. In addition, certain plasmalemma receptors can be internalized in the absence of ligand binding, and their intracellular itinerary can differ from that of the ligand−receptor complex, 13, 35, 36 yet potential endocytosis of unbound ICAM-1 also remains largely unexplored. Indeed, ICAM-1 has been observed to recycle back to the cell surface after separating from ligands in endocytic compartments, 15 a phenomenon that seems reminiscent of the continuous redistribution of ICAM-1 between the cell surface and an intracellular pool in certain immune cells. 37 In this report, we have studied endocytosis and subsequent routing of the unbound vs ligand-bound receptor (using monomeric vs multimeric ligands) to shed light on the biological regulation of ICAM-1 and its utility for diverse therapeutic applications.
■ EXPERIMENTAL SECTION
Antibodies and Reagents. Mouse monoclonal antibody to human ICAM-1 (anti-ICAM) was clone R6.5 (American Type Culture Collection; Manassas, VA, USA). Fluoresbrite 100 nm diameter polystyrene particles were from Polysciences (Warrington, PA, USA). Rabbit polyclonal antibody against human lysosomal-associated membrane protein 1 (LAMP-1), as well as FITC-and Texas Red (TxR)-labeled secondary antibodies were from Jackson Immunoresearch (West Grove, PA, USA Cell Culture. Human umbilical vein endothelial cells (HUVECs) from Clonetics (San Diego, CA, USA) were grown in M199 medium (GibcoBRL, Grand Island, NY, USA) supplemented with 15% fetal bovine serum, 2 mM glutamine, 15 mg/mL endothelial cell growth supplement, 100 mg/mL heparin, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cell cultures were maintained at 37°C, 5% CO 2 , and 95% relative humidity. Cells between passages 4 and 5 were seeded onto 12 mm diameter gelatin-coated coverslips in 24-well plates and treated with 10 ng/mL tumor necrosis factor-alpha (TNF-α; BD Biosciences, Franklin Lakes, NJ, USA) for 16 h to mimic a pathological-like status. Overexpression of ICAM-1 and, hence, increased binding of ICAM-1-ligands upon TNF-α-activation, in accord with a pathological state, have been previously confirmed. 9, 14, 20, 38 Preparation of Multimeric Anti-ICAM NCs. Anti-ICAM or nonspecific IgG were coated onto 100 nm diameter green Fluoresbrite polystyrene particles to render anti-ICAM nanocarriers (anti-ICAM NCs) or IgG NCs, as previously described. 9 Briefly, 5 μM antibody was incubated with ∼10 13 particles/mL for 1 h at room temperature to allow adsorption of the antibody on the particle surface. Noncoated antibody was removed by centrifugation at 13.8g for 3 min and coated carriers were resuspended at ∼7 × 10 11 NCs/mL in 1% bovine serum albumin (BSA)-supplemented phosphate buffered saline and sonicated to remove aggregates. Characterization of anti-ICAM NCs revealed a hydrodynamic diameter of 152 ± 58 nm, as determined by nanoparticle tracking analysis (NanoSight LM10, Malvern Instruments, Westborough, MA). The polydispersity index was 0.220 ± 0.048 and the ζ-potential was −27 ± 5 mV, as determined by dynamic light scattering (Zetasizer NanoZS90, Malvern Instruments, Westborough, MA). Antibody surfacecoating was 208.3 ± 42.7 antibodies per carrier, as determined by radioisotope quantification using 125 I-labeled anti-ICAM, as described. 9 Control IgG NCs had a diameter of 158 ± 5 nm, polydispersity index of 0.19 ± 0.03, ζ-potential of −31 ± 2 mV, and 176 ± 8 antibodies per carrier.
Validating this model, previous studies have demonstrated that these anti-ICAM NCs do not suffer changes in fluorescence intensity under conditions reflective of intracellular compartments and do not undergo apparent aggregation, antibody detachment (in storage or physiological media), or coating with serum proteins (albumin). 21, 39 This formulation, although not suitable for clinical studies, is an adequate model for this work because of high reproducibility of the coating density and other parameters described above. 9,17,21,38−40 Each independent batch of carriers displays a similarly random orientation of the adsorbed antibodies which leads to this reproducibility. This is similar to the variability of chemical conjugation techniques, where the precise amino acid residue being modified and, hence, the final orientation varies for each antibody in the population. The fact that similar binding, uptake, intracellular trafficking, and in vivo biodistribution of anti-ICAM NCs have been reported from many different studies validates the batch-tobatch reproducibility of this model formulation. biodistribution as biocompatible poly(lactic-co-glycolic acid) (PLGA) NCs.
22,38
Preparation of Multimeric Anti-ICAM Conjugates. An alternative multimeric model lacking a polymer particle consisted of anti-ICAM protein conjugates. For this purpose, anti-ICAM was biotinylated at a 1:5 antibody-to-biotin molar ratio using 6-biotinylaminocaproic acid N-hydroxysuccinimide ester, as previously described. 41 Conjugation was performed by incubating biotinylated anti-ICAM with (green) Alexa Fluor 488-labeled streptavidin at 1:1 molar ratio for 1 h at 4°C. This protocol rendered conjugates with hydrodynamic diameter of 323 ± 43 nm, polydispersity index of 0.429 ± 0.053, and a ζ-potential of −4.0 ± 0.5 mV as determined by dynamic light scattering.
Degree and Mechanism of Uptake of Monomeric vs Multimeric Anti-ICAM. TNF-α-activated HUVECs were incubated with monomeric anti-ICAM (140 pM) or multimeric anti-ICAM NCs (36 pM antibody since this formulation has greater avidity vs anti-ICAM 38 ) or conjugates (214 pM antibody) for 30 min in 1% BSA-supplemented cell medium to allow their binding to the cell surface (pulse period). Control experiments were performed using either nonspecific IgG or IgG NCs, or by incubating anti-ICAM conjugates in the presence of competing anti-ICAM. After this time, cell medium containing nonbound counterparts was removed, and cells were washed and incubated at 37°C with fresh medium for the indicated time intervals, to allow internalization of surface-bound materials (chase period). In parallel, incubation at 4°C served as a negative control for energy-dependent uptake. Alternatively, to evaluate the mechanism of uptake, incubations were performed in the presence of either 3 mM amiloride (an inhibitor of macropinocytosis and CAM-mediated endocytosis), 50 μM monodansylcadaverine (MDC; inhibitor of clathrin-mediated endocytosis), 1 μg/mL filipin (inhibitor of caveolar endocytosis), or 0.5 μM wortmannin (inhibitor of phosphatidylinositol 3 kinase (PI3K), involved in macropinocytosis). 14 All cell samples were then fixed with 2% paraformaldehyde for 15 min at room temperature. Surface-bound anti-ICAM, anti-ICAM NCs, or anti-ICAM conjugates were immunostained with TxR-labeled goat antimouse IgG for 1 h. Since polymer particles and streptavidin contain a green fluorescent label, all cellassociated anti-ICAM NCs and anti-ICAM conjugates are visible in the green channel while only surface-located counterparts fluoresce in the red channel, thus enabling differential visualization and quantification, as described. 14, 41 In the case of monomeric anti-ICAM, after similarly immunostaining cell-surface counterparts in red, cells were permeabilized with 0.2% Triton X-100, followed by incubation with green FITC-labeled goat antimouse IgG, which would label all cell-associated anti-ICAM in green, thereby enabling similar distinction and quantification of cellsurface bound vs internalized counterparts by fluorescence microscopy. In both cases, in addition to endocytosis, the localization of anti-ICAM, anti-ICAM NCs, and anti-ICAM conjugates within 5 μm of the cell nucleus (perinuclear) or within 5 μm from the cell border (herein called periphery) was also quantified.
Intracellular Trafficking of Monomeric vs Multimeric Anti-ICAM. TNF-α-activated HUVECs were incubated with green FITC-labeled anti-ICAM, anti-ICAM on the surface of green Fluoresbrite carriers, or green Alexa Fluor 488-labeled anti-ICAM conjugates for a pulse of 30 min. Cells were then washed and incubated for up to 1, 3, or 5 h (37°C) in the absence of a ligand, as described above. Cells were subsequently fixed and permeabilized, and lysosomes or recycling compartments were immunostained with anti-LAMP-1 or anti-Rab11a, respectively, followed by TxR-labeled secondary antibodies. In the case of anti-ICAM conjugates, an additional lysosomal labeling method was used to avoid cell permeabilization and subsequent leakage of the fluorescent dye from degraded conjugates. Here, cells were pretreated with 10 kDa TxR dextran for 45 min at 37°C, washed, and incubated with fresh medium for another 45 min at 37°C prior to addition of anti-ICAM conjugates. 42 This protocol enables lysosomal trafficking of dextran, which allows visualization of this compartment due to the lack of dextran degradation by mammalian cells, as previously verified. 42 Colocalization of green-labeled anti-ICAM, anti-ICAM NCs, or anti-ICAM conjugates with each one of these red-labeled compartments (lysosomes or recycling endosomes) was calculated from fluorescence micrographs. 42 The number of endocytic vesicles containing monomeric or multimeric anti-ICAM and the number of LAMP-1 and dextran-labeled compartments were additionally quantified.
Intracellular Degradation of Monomeric vs Multimeric Anti-ICAM. Using the protocol described above, degradation of naked green FITC-labeled anti-ICAM or green Alexa Fluor 488-labeled anti-ICAM conjugates was estimated by comparing the total fluorescence remaining over time (chase incubation) to the cell-associated fluorescence achieved after the first 30 min incubation. Agents that have been previously shown to inhibit lysosomal trafficking via the CAM pathway, nocodazole (20 μM), 42 or to inhibit activation of lysosomal hydrolases, chloroquine (300 μM), 42 were used as controls for degradation. These agents were incubated with cells during the chase period only to preclude potential effects on uptake. In the case of green anti-ICAM NCs, cells were incubated with TxR goat antimouse IgG after permeabilization, to immunodetect anti-ICAM on the surface of internalized particles. Hence, lack of antibody degradation was visualized as colocalization of TxR-labeled anti-ICAM with green fluorescent particles, while degradation was observed as single-labeled green-particles. Time-dependent degradation of anti-ICAM on NCs was calculated by comparing the number of antibody-free particles to the total number of cell-associated particles, as described. 42 ICAM-1 Distribution and Recycling in the Absence of Ligands. To examine potential transit of ICAM-1 between the cell-surface and intracellular vesicles, TNF-α-activated HUVECs were incubated with 10 μg/mL cyclohexamide to inhibit de novo protein synthesis, which may confound results. After 1 h, cells were fixed and ICAM-1 expressed on the cellsurface was immunostained in red using anti-ICAM followed by TxR-labeled goat antimouse IgG. Cells were then permeabilized, and total cell-associated ICAM-1 (surface + intracellular) was labeled using anti-ICAM followed by green FITC goat antimouse IgG. Using this method, the percentage of green, single-labeled ICAM-1 that does not colocalize with doublelabeled (FITC + TxR) ICAM-1 represents the intracellular fraction, which was quantified by fluorescence microscopy.
Intracellular Trafficking of Unbound ICAM-1. To assess endocytosis of ICAM-1 in the absence of ligands, TNF-α-activated HUVECs were incubated continuously for 30 min, 1, 3, or 5 h at 37°C with 20 μg/mL TxR-labeled tomato lectin to stain the cell surface. After different periods of time, cells were washed and fixed, and ICAM-1 located on the cell surface was stained in blue using anti-ICAM followed by blue Alexa Flour 350-goat antimouse IgG. Cells were then permeabilized, and total cell-associated anti-ICAM was labeled in green with anti-ICAM and FITC goat antimouse IgG. Using this method, surface-located ICAM-1 should colocalize with lectin and appear white (green FITC + red TxR + blue Alexa Fluor 350), while intracellular ICAM-1 that was endocytosed from the cell surface should colocalize with lectin and appear yellow (green FITC + red TxR). Cell-surface ICAM-1, which did not colocalize with lectin, should appear turquoise (blue Alexa Fluor 350 + green FITC) and intracellular ICAM-1, which does not colocalize with lectin, should be green (FITC). Tracking these different fractions and their ratios over time, it is possible to discern potential trafficking of ICAM-1 between the cell surface and internal compartments by fluorescence microscopy. The mechanism of such a transport was also tested in the presence of 3 mM amiloride (inhibited in CAM-mediated endocytosis and macropinocytosis) or 0.5 μM wortmannin (inhibited in macropinocytosis, not CAM-mediated endocytosis).
Microscopy Visualization and Analysis. Cell samples were analyzed using a 40× or 60× PlanApo objective and the Olympus IX81 inverted 3-axe automatic fluorescence microscope (Olympus Inc., Center Valley, PA). Samples were observed by phase contrast and fluorescence using filters from Semrock (Rochester, NY) in the red channel (excitation BP360−370 nm, dichroic DM570 nm, emission BA590−800+ nm), green channel (excitation BP460−490 nm, dichroic DM505 nm, emission BA515−550 nm), or blue channel (excitation BP380− 400 nm, dichroic DM410 nm, emission BA415−480 nm). Micrographs were taken using Orca-ER camera from Hamamatsu (Bridgewater, NJ) and SlideBook 4.2 software from Intelligent Imaging Innovations (Denver, CO). Images were analyzed using Image-Pro 6.3 from Media Cybernetics Inc. (Bethesda, MD). Macros programmed for image analysis automatically quantify total fluorescence over background, number of objects ∼100− 300 nm, and colocalization of objects labeled with different fluorophores.
14,15,41,42
Statistical Analysis. Data were calculated as mean ± standard error of the mean (SEM). For each experimental condition the number of independent coverslip samples was ≥4. Significance was determined using the Student's unpaired t-test assuming a p-value of 0.05.
■ RESULTS
Degree of Uptake of Monomeric vs Multimeric ICAM-1 Ligands. A well characterized monoclonal antibody to human ICAM-1 (R6.5) 43, 44 was used as a model ligand capable of specific binding to ICAM-1 on human endothelial cells. To provide monomeric vs multimeric binding, the antibody was used either as a naked molecule in solution or as multiple copies coated on the surface of polymer nanoparticles (see the experimental section for details), both of which have been extensively characterized.
14−20 As previously demonstrated, 14, 15, 20, 38, 42 these two ICAM-1 binding entities showed specificity against ICAM-1 expressed on activated endothelial cells: 174 NCs/cell after a 60 min incubation (90-fold over nonspecific IgG NCs) and 3.8 × 10 8 fluorescence units (38-fold over IgG). Incubation of human endothelial cells with anti-ICAM vs anti-ICAM NCs was conducted in a pulse-chase manner (see experimental section) to track endocytosis without concomitant binding taking place. We used an established technique that allows differential visualization of cell-surface-bound (yellow color in Figure 1A ) vs internalized (green color) ligands by fluorescence microscopy. [14] [15] [16] [17] [18] 45 This allowed us to observe a significantly high uptake of multimeric anti-ICAM NCs, as expected: ∼90% of total cell-associated carriers by 1 h ( Figure 1B) . Negligible binding of control nonspecific IgG or IgG NCs (described above) rendered uptake undetectable. Internalization of monomeric anti-ICAM was markedly lower at this time: ∼10% of total cell-associated antibodies (9-fold below the level of uptake of anti-ICAM NCs), as observed previously. 20 Yet, uptake of anti-ICAM increased ∼2.5-fold by 3 h, decreasing the difference against anti-ICAM NCs to 3.5-fold. Anti-ICAM reached a maximal uptake level of 25% vs 100% for anti-ICAM NCs. Hence, although to a much lower extent than anti-ICAM NCs, internalized anti-ICAM still represented a considerable fraction with regard to the total amount of antibodies that initially bound to cells.
Interestingly, examination of the distribution of internalized anti-ICAM vs anti-ICAM NCs ( Figure 1A ) revealed that internalized anti-ICAM localized to the cell periphery, whereas anti-ICAM NCs resided in the perinuclear region of the cell, which has been previously shown to correspond to lysosomal compartments 42 and will be subsequently verified here. This may be due to a differential mechanism of uptake between the monomeric and multimeric ligands or a difference in the route of intracellular trafficking.
Mechanism of Uptake of Monomeric vs Multimeric ICAM-1 Ligands. Hence, we next examined the mechanism responsible for uptake of monomeric anti-ICAM by endothelial cells against that of multimeric anti-ICAM NCs, previously identified as clathrin-and caveolae-independent CAM-mediated endocytosis. 14, 16 As shown in Figure 2A , internalization of both anti-ICAM and anti-ICAM NCs was driven by active means since incubation at 4°C abolished this phenomenon: at this temperature uptake was lowered to 7% for anti-ICAM and 1% for anti-ICAM NCs (30 min), which is consistent with an endocytic event. However, given the different kinetics, maximal uptake levels, and subcellular distribution observed above for internalization of monomeric vs multimeric ICAM-1 ligands, it would seem plausible that uptake of these counterparts operates via different mechanisms.
Surprisingly, this was not the case ( Figure 2B ). Just as anti-ICAM NCs, uptake of anti-ICAM was not affected by MDC (83% of control) or filipin (88% of control), which are inhibitors of clathrin-and caveolin-mediated pathways, respectively. In addition, amiloride, an inhibitor of CAMmediated endocytosis and macropinocytosis, markedly reduced uptake of anti-ICAM, anti to a similar extent to that inhibition of ICAM NCs (∼50% by 1 h). Wortmannin, an inhibitor of phosphoinositide 3-kinase (PI3K) associated with macropinocytosis but not CAM-mediated endocytosis, did not significantly alter the degree of uptake of anti-ICAM (83% of control). This was also the case for anti-ICAM NCs (99% of control). Therefore, uptake of both monomeric and multimeric ICAM-1 ligands appears to be regulated by CAM-mediated endocytosis, despite the differences noted above.
Lysosomal Trafficking and Degradation of Monomeric vs Multimeric ICAM-1 Ligands. Since monomeric anti-ICAM and multimeric anti-ICAM NCs seem to undergo the same mechanism of endocytosis, it is possible that their different levels of uptake may reflect different intracellular trafficking. Differential distribution of these ligands at the cell periphery vs the perinuclear region after endocytosis, as observed above, seems to support this hypothesis. Hence, to examine this aspect in more detail, we examined the potential colocalization of intracellular anti-ICAM to lysosomal compartments characterized by the presence of LAMP-1 ( Figure 3A) since this represents a predominant destination for anti-ICAM NCs. 39, 42 Indeed, 78% of all cell-associated anti-ICAM NCs colocalized with LAMP-1-positive compartments by 3 h ( Figure 3B ). In contrast, minimal lysosomal colocalization was observed for anti-ICAM: <7.5% within this time frame.
We must note that, in this experiment, fluorescent tracking of anti-ICAM NCs focuses on the polymeric component (fluorescent polystyrene), which is nondegradable. Instead, lysosomal colocalization of anti-ICAM may go unnoticed if the antibody was subjected to proteolytic degradation in lysosomes. Therefore, we examined potential changes over time in the level of immunodetectable anti-ICAM associated with cells, which would be indicative of its degradation (Figure 4) . In agreement with the lack of lysosomal colocalization observed above, only 15% of cell-associated anti-ICAM seemed to disappear over a period of 5 h. This was in contrast to anti-ICAM NCs. Immunodetection of anti-ICAM on the surface of greenfluorescent carriers using a red-labeled secondary antibody (which renders yellow color only when the antibody coat is present on green particles; Figure 4A ), showed considerable degradation of anti-ICAM on carriers over time: from 8% at 1 h, to 67% at 3 h, and 85% by 5 h (Figure 4B ), in agreement with their lysosomal trafficking ( Figure 3B ). To further ensure that degradation of monomeric anti-ICAM did not go unnoticed, similar experiments were performed in the presence of chloroquine, an agent that inhibits acidification and, hence, lysosomal degradation, 42 or in the presence of nocodazole, an agent that disrupts lysosomal trafficking by altering the microtubular network. 42 Uptake was not affected in the presence of chloroquine or nocodazole (85 ± 15% and 120 ± 15% of control uptake at 3 h; not shown). Moreover, neither agent decreased degradation of anti-ICAM any further (10% and 15% degradation observed for chloroquine and nocodazole vs 11% for the control at 1 h; not shown). In addition, if there was any trafficking of anti-ICAM to lysosomes, it would be expected that inhibition of lysosomal degradation would increase the number of anti-ICAM vesicles that remain visible over time. However, as shown in Figure 4C , this parameter remained nearly constant (∼25−35 vesicles/cell) over 5 h and similar to the control.
Uptake and Intracellular Trafficking of Multimeric Anti-ICAM Conjugates. To ascertain whether the differential trafficking of anti-ICAM NCs vs monomeric anti-ICAM was due to chemical/physical factors associated with the polymer particle, we examined another multimeric ligand: biotinylated anti-ICAM conjugated with streptavidin. This model differed from anti-ICAM NCs in size (320 nm vs 150 nm in diameter) and charge (−4 vs −30 mV), yet it similarly represents a multivalent entity. Cells incubated with anti-ICAM conjugates from 30 min to 5 h showed 94−99% colocalization between the streptavidin and anti-ICAM counterparts, verifying that conjugate components remain linked throughout this time (not shown). Binding of anti-ICAM conjugates to cells was specific: 261 objects/cell at 30 min, which was reduced by 65% in the presence of anti-ICAM competitor (data not shown). Importantly, over time, anti-ICAM conjugates displayed a significant and increasing perinuclear localization (up to 77% at 5 h) and uptake (up to 72% at 5 h) as in the case of anti-ICAM NCs (compare Figure 5A vs Figures 1A,B and 6C ), suggesting that this is a general property of multimeric ICAM-1 ligands.
However, when we examined colocalization of anti-ICAM conjugates with LAMP-1-labeled lysosomes ( Figure 5B), we found poor colocalization (e.g., 15% at 5 h). Since LAMP-1 labeling requires permeabilization, this result may be due to lysosomal degradation of anti-ICAM conjugates and leaching of the fluorophore after permeabilization. Indeed, upon quantification of the total cell-associated fluorescence of anti-ICAM and streptavidin components of the conjugate over time ( Figure 5C ), we found significant decay for both (53% and 58% degradation at 5 h, respectively), suggesting degradation. In addition, the number of perinuclear vesicles containing conjugates significantly decreased with permeabilization (13 vs 33 vesicles at 1 h for permeabilized vs nonpermeabilized cells; Figure 5B ). This result implied escape of the fluorophore from these compartments, also indicative of conjugate degradation. Hence, to avoid permeabilization that precludes visualizing conjugates within degradative compartments, we prelabeled lysosomes using TxR dextran as described. 42 To ensure consistency between the two methods, we revealed a similar quantity of intracellular vesicles labeled by anti-LAMP-1 antibodies and dextran (∼65−70 vesicles/cell). Importantly, significant and increasing colocalization of anti-ICAM conjugates with dextran-labeled lysosomes was observed (e.g., 65% at 5 h), which was similar to anti-ICAM NCs and different from monomeric anti-ICAM (Figure 3) .
Routing of Monomeric vs Multimeric ICAM-1 Ligands to the Cell Periphery. The aforementioned results revealed that monomeric anti-ICAM, not multimeric counterparts, avoided lysosomal compartments and the associated degradation (Figures 3 and 4) . Also, internalized monomeric anti-ICAM, not multimeric forms, had been observed to localize to the cell periphery ( Figures 1A and 5A ). This clearly indicates that, although exploiting the same endocytic pathway into cells, monomeric anti-ICAM follows a different intracellular routing from multimeric anti-ICAM NCs.
To complement these studies, we analyzed this differential subcellular distribution ( Figure 6A ). In accord with lysosomal trafficking and degradation, the fraction of internalized anti-ICAM NCs detected at the cell periphery decreased with time (from ∼40% at 30 min to ∼15% at 5 h; Figure 6B ), while the fraction located at the perinuclear region increased (from ∼25% at 30 min to ∼85% at 5 h; Figure 6C ), similar to anti-ICAM conjugates ( Figure 5A ). In contrast, in agreement with its lack of lysosomal routing and degradation, the trafficking of anti-ICAM to the perinuclear region of cells remained very low over time (∼8% at 30 min and ∼12% at 5 h; Figure 6C ), while it remained stably located at the cell periphery (∼68% at 30 min and ∼77% at 5 h; Figure 6B ).
Recycling Routing of Monomeric vs Multimeric ICAM-1 Ligands. We next tested whether the peripheral localization observed for monomeric anti-ICAM may be associated with recycling from endocytic compartments to the plasma membrane. For this purpose, we comparatively examined the colocalization of anti-ICAM vs anti-ICAM NCs (green in Figure 7A ) with Rab11a (red). This marker belongs to the small GTPase superfamily of proteins and has been well established for its role in the recycling of various ligands and/or their receptors, including transferrin, transferrin receptor, E-cadherin, LFA-1, GLUT4, etc. 35 ,46−50 Surprisingly, fluorescence microscopy revealed that both anti-ICAM and anti-ICAM NCs colocalized significantly with Rab11a-positive compartments after internalization (yellow color): ∼75%−85% in the case of anti-ICAM and ∼55%−60% for anti-ICAM NCs within the first hour ( Figure 7B ). However, localization of anti-ICAM NCs with Rab11a decayed to 23% by 3 h and 13% by 5 h. This was not the case for anti-ICAM, a substantial fraction of which remained within this compartment even after 5 h (75%).
Therefore, it appears that both anti-ICAM and anti-ICAM NCs enter cells via the same pathway and initially traffic to a similar membrane-proximal intracellular compartment, yet anti-ICAM recycles back to the plasmalemma, while anti-ICAM NCs deviate to lysosomes. Supporting this, tracking the cellsurface vs intracellular distribution of monomeric anti-ICAM over time revealed that, while the total cell-associated fraction remained constant (∼90% of the original value at 30 min), the intracellular fraction cycled: this fraction decreased by 65% at 1 h, then increased to 83% of the original value by 3 h (Figure 8 ). This result could be visualized by fluorescence microscopy in Endocytic Recycling of Endothelial ICAM-1 in the Absence of Ligands. In a previous study it was observed that internalized multimeric anti-ICAM NCs trafficked to early endosomal compartments, from which the receptor, ICAM-1, recycled back to the cell surface, while carriers trafficked to lysosomes. 15 Since it is known that Rab11a recycling compartments can arise from early endosomes, it seems that recycling of monomeric anti-ICAM observed in this study may simply be following the itinerary of its receptor after uptake. If this is the case, the question remains whether anti-ICAM induces endocytosis and recycling upon binding to ICAM-1, or whether ICAM-1 is constitutively endocytosed and recycled in activated endothelial cells whereby anti-ICAM simply remains bound to (and follows) its receptor.
To assess the latter possibility, we tracked the cellular location of ICAM-1 in the absence of ligands ( Figure 9A ). We first labeled the cell surface using red-fluorescent lectin, which binds to glycoproteins on the plasma membrane, hence, allowing us to track intracellular compartments that may originate from the cell surface as red punctate structures (asterisks). At various times after labeling the plasmalemma, surface-located ICAM-1 was immunostained in blue and total (surface + intracellular) ICAM-1 was additionally immunostained in green (see experimental section for details). As expected, this protocol revealed colocalization of cell surface ICAM-1 (blue + green) with lectin (red), which appeared as triple labeled regions (white; denoted by arrowheads). The presence of white regions decreased with time (compare 30 min or 1 h with 5 h), as expected if ICAM-1 was endocytosed. Verifying this, intracellular ICAM-1 (green with no blue label) could be found to colocalize with punctate lectin-containing compartments (red), indicating that this pool had been endocytosed from the plasmalemma (yellow; denoted by arrows). This fraction represented ∼16% of total ICAM-1 ( Figure 9B ). Also, we found a fraction of intracellular ICAM-1 (green) that did not colocalize with lectin (red), which may originate from the biosynthetic route. Therefore, it appears that indeed surface-expressed ICAM-1 is endocytosed in the absence of ligands.
Interestingly, with time, there was an increase in the fraction of lectin that distributed to the perinuclear region of the cell (from 36% at 30 min to 75% at 5 h; Figure 9C ), and this coincided with a decrease in the colocalization of ICAM-1 and lectin (from 16% at 30 min to 6% by 5 h). This would be in agreement with endocytic transport of ICAM-1 away from perinuclear compartments, just as observed when studying endocytosis of anti-ICAM ( Figure 6 ).
To verify this, we examined the fraction and location of intracellular ICAM-1 in the absence of ligands (sham), using cells that were previously treated with cyclohexamide to minimize the presence of intracellular ICAM-1 originating from the biosynthetic route (Figure 10 ). These cells were fixed and cell surface vs intracellular ICAM-1 were differentially immunostained (yellow and green, respectively; see experimental section for details). This revealed the presence of intracellular ICAM-1 at the cell periphery ( Figure 10A ), representing ∼26% of total ICAM-1 ( Figure 10B ). This is comparable to the location and fraction of anti-ICAM (29%) that is endocytosed by cells upon incubation with this ligand (Figure 1B) . Amiloride reduced the fraction of intracellular ICAM-1 by 68% ( Figure 10C ), similar to the inhibition observed with regard to uptake of anti-ICAM shown in Figure 2B . Also, in parallel to results obtained in the presence of these ligands, wortmannin did not reduce the level of intracellular ICAM-1 in the absence of ligands.
This set of results indicates that ICAM-1 is endocytosed from the endothelial plasmalemma in the absence of ligands and is routed through similar peripheral compartments, via CAM-mediated endocytosis.
■ DISCUSSION
Many cell surface receptors undergo different endocytic outcomes when bound to ligands, e.g., monomeric vs multimeric counterparts, compared to their unbound state. Yet, this is still a rather unexplored phenomenon, particularly in cases where natural ligands of a receptor represent multimeric engagement entities. The present study has examined these aspects in the case of endothelial ICAM-1, using monomeric anti-ICAM vs multimeric anti-ICAM NCs and conjugates as representative ligands. Although previous investigations had deemed monomeric anti-ICAM unable to enter cells as multimeric anti-ICAM counterparts (NCs and conjugates) do, 14, 20 to our surprise, a closer examination revealed appreciable uptake via a similar mechanism, CAM-mediated endocytosis. Lower apparent or steady-state levels of endocytosis of monomeric anti-ICAM resulted from a distinct intracellular itinerary. At initial time points, both anti-ICAM and anti-ICAM NCs localized to Rab11a compartments at the cell periphery. Yet, with time, anti-ICAM NCs and conjugates trafficked to perinuclear lysosomes with significant degradation of the antibody counterpart (as previously reported 42 ), while monomeric anti-ICAM remained localized to Rab11a-compartments with little degradation and recycled back to the plasma membrane. Similar trafficking was found for ICAM-1 in the absence of ligand binding, suggesting that this molecule recycles between the plasmalemma and an endosomallike subplasmalemma compartment. Hence, contrary to anti-ICAM NCs and conjugates that follow an endolysosomal pathway, anti-ICAM simply follows the route of the receptor.
These results demonstrate a clearly differential endocytic fate for monomeric vs multimeric ligands against ICAM-1. The pattern observed for this cell surface marker held similarities and differences as compared to other receptors. For instance, greater uptake of multimeric anti-ICAM NCs with respect to monomeric anti-ICAM contrasted observations of slower internalization of an oligomer composed of ten transferrin molecules vs monomeric transferrin. 7 Yet, greater intracellular retention of anti-ICAM NCs relative to anti-ICAM was somewhat similar to longer intracellular retention of transferrin oligomers vs monomeric transferrin. 7 Nevertheless, multimeric ligands in these two cases resided in different sites, i.e., lysosomes for multimeric ICAM-1 ligands as opposed to pericentriolar recycling compartments for multimeric transferrin counterparts. 7 Another example is that of monomeric folate-drug conjugates vs multivalent folate-decorated carriers. 8 Analogous to ICAM-1, multivalent folate carriers trafficked to lysosomes, whereas monomeric folate conjugates followed a recycling route to the plasma membrane. 8 However, distinct from ICAM-1, multivalent folate carriers followed the route of the natural ligand (folate)−receptor pair, 8 whereas monomeric anti-ICAM followed the recycling route of unbound ICAM-1. Antibody receptors have also shown different patterns of endocytic routing for different ligands, e.g., binding of an artificial monovalent ligand of macrophage Fc receptor (a modified Fab) resulted in recycling to the cell membrane, whereas a polyvalent immunoglobulin G complex triggered lysosomal trafficking and degradation. 11, 12 However, no difference in the final intracellular destination was found between these divalent and polyvalent Fc receptor ligands, while this was not the case for ICAM-1 (anti-ICAM shown here is divalent).
The differences observed between monomeric and multimeric anti-ICAM ligands are not due to physicochemical characteristics of the polymer particle in the case of anti-ICAM NCs, since a similar uptake, perinuclear distribution, lysosomal colocalization, and degradation was found for multivalent anti-ICAM conjugates formed by cross-linking biotinylated anti-ICAM with streptavidin. It is likely that different physicochemical properties of the carrier may further impact the intracellular behavior. Yet, the fact that multimeric ICAM-1-targeted entities with diverse composition and valency (anti-ICAM-coated PLGA particles, DNA-built dendrimers, liposomes, etc.) behave similarly in terms of intracellular trafficking 27, 51, 52 supports that this is a general feature of multimeric vs monomeric targeting to ICAM-1. However, it is possible that intracellular trafficking to other receptors and pathways may be more sensitive to variations of the carrier formulation.
Importantly, our results indicate that intracellular trafficking of anti-ICAM reflects a pathway by which endothelial ICAM-1 seems to recycle between the cell surface and a subplasmalemma compartment in the absence of ligand binding, which was previously overlooked. This was supported by the fact that, in the absence of de novo protein synthesis or ICAM-1 ligands, ICAM-1 expressed on the cell surface was internalized, as observed by tracking the endothelial plasmalemma after lectin-labeling. Following uptake, ICAM-1 diverged from the perinuclear distribution of lectin-positive internalized compartments. This, along with the lack of significant disappearance (reflective of degradation) of immunodetectable ICAM-1 with time and reappearance of this molecule at the cell surface suggest that endocytosed ICAM-1 is not destined for lysosomal degradation but recycling. This may explain why endocytosis of monomeric anti-ICAM had been overlooked in the past. 14, 20 Given that the outcome and kinetics for all these events were similar upon ICAM-1 engagement by monomeric anti-ICAM, it is possible that this ligand does not induce endocytosis and rather passively follows the route of the receptor to which it is bound. Multimeric anti-ICAM NCs are also internalized via CAM-mediated endocytosis and localized at early time points to similar Rab11a compartments. However, from here this ligand did not follow subsequent recycling but lysosomal transport, as previously shown. 15, 21 Hence, multimeric engagement of the receptor may not provide the signal for CAM-endocytosis as previously believed, 14, 20 but rather the signal to deviate the subsequent intracellular trafficking from the "constitutive" recycling route. In fact, a previous study had shown that, although anti-ICAM NCs traffic to endolysosomal compartments within cells, a significant fraction of ICAM-1 cointernalized with such carriers also recycles back to the plasmalemma. 15 The fact that higher uptake is observed for anti-ICAM NCs and conjugates vs anti-ICAM may be due not to a greater endocytic efficiency but to cumulative retention of endocytosed carriers within the cell. Hence, anti-ICAM recycling, which leads to lower intracellular accumulation, would be misinterpreted as a lower degree of endocytosis.
From a biological standpoint, ICAM-1 uptake and recycling by endothelial cells in the absence of ligands is a new finding whose biological significance remains to be elucidated. However, recycling of membrane determinants is a common process, broadly involved in numerous cellular processes, such as cell−cell adhesion, migration, polarization, differentiation, and signaling. 1, 46, 48, 53 In fact, in antigen presenting cells (APCs), ICAM-1 has been observed to undergo uptake and recycling at sites of T-cell contact, which was mediated by an amiloride-sensitive pathway, 37 analogous to CAM endocytosis in endothelial cells. This uptake and recycling seemed to provide a continuous redistribution of ICAM-1 on the APC surface, which helped maintain the dynamic contact with T-cells and strengthen cell− cell signaling. 37 In addition, platelet-endothelial cell adhesion molecule 1 (PECAM-1), a surface molecule structurally and functionally related to ICAM-1, and also associated with CAM endocytosis, has been shown to undergo constant recycling through specialized submembrane compartments of endothelial cells, to guide transmigration of leukocytes across the endothelium. 54 It is possible that CAM-mediated endocytosis of ICAM-1 represents an analogous phenomenon. Indeed, ICAM-1 also contributes to extravasation of leukocytes, where ICAM-1 continuously redistributes on the endothelial surface toward the migrating fronts of leukocyte contacts. 55 From a translational perspective, the findings of this study significantly extend previous knowledge on the potential for targeted drug delivery via ICAM-1. As indicated above, ICAM-1 is being explored for targeted interventions against conditions involving inflammation, immune disorders, cardiovascular disease, genetic and metabolic syndromes, etc. 20−29,56−58 In most of these settings, multivalent targeting to ICAM-1 has been pursued, e.g., by coupling affinity moieties to liposomes, microbubbles, polymer particles, gold nanorods, iron oxide nanoparticles, and other NC formulations. 20−29,56−58 By providing endocytosis and intraendothelial trafficking, said multimeric ICAM-1-targeting strategies are valuable for intracellular drug delivery to cope with these maladies. For instance, lysosomal transport of multimeric ICAM-1-targeted carriers is ideal for delivery of lysosomal enzyme replacement therapies necessary to treat genetic deficiencies of these enzymes (i.e., lysosomal storage disorders). 9, 21, 22, 39, 59 However, lysosomal trafficking is expected to result in premature degradation and/or entrapment of most other therapeutic agents. 15, 42 Therefore, delivery by conjugation to monomeric ICAM-1-targeting ligands may resolve this problem by avoiding lysosomal transport while retaining the therapeutic agent within the endothelium via an uptakerecycling pathway, providing more sustained delivery. This is feasible since several ICAM-1 targeting monoclonal antibodies, their humanized counterparts, antibody fragments, and peptides have shown efficient ICAM-1 targeting and significant safety in animal models and clinical trials. 9,21,57,60−63 In conclusion, the studies herein have provided insight into the differential endocytic fates associated with bound (via monomeric vs multimeric ligands) and unbound endothelial ICAM-1. This highlights the complex regulation of endocytic events, which at present still remain elusive, particularly for nonconventional clathrin-and caveolae-independent pathways such as CAM-mediated endocytosis. Our findings reveal that this pathway may be a constitutive process in activated endothelial cells, which provides a means to maintain a subplasmalemma pool of recycling ICAM-1 molecules. This pool may allow for rapid redistribution of ICAM-1 to the cell surface, e.g., at sites of adhesion by natural ligands (primarily leukocytes). ICAM-1-trafficking does not appear to be disrupted by binding of monomeric affinity molecules but by multimeric carriers, which traffic to lysosomes. These findings pair well with the biological function of ICAM-1 and provide new avenues for therapeutic targeting to this endothelial marker. For instance, monomeric delivery vehicles directed at ICAM-1 may allow more prolonged therapy without undergoing lysosomal degradation, contrary to multimeric formulations that are more amenable for delivery into endolysosomal compartments. Hence, these newly identified features are critical to the selection and optimization of formulations that tailor particular therapeutic needs.
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